All relevant data are within the paper and its Supporting Information files, with the exception of sequencing raw data which are deposited in the NCBI Sequence Read Archive (<https://www.ncbi.nlm.nih.gov/Traces/sra/>) under accession number SAMN05948838.

Introduction {#sec001}
============

The symbiotic relationship between the cutaneous microbiome and the skin itself includes multiple prokaryotic niches (e.g., epidermis, sweat gland, sebaceous gland, hair follicle etc.) that provide protective immunity against pathogenic infections \[[@pone.0166176.ref001], [@pone.0166176.ref002]\]. The bacteriome of human skin also displays significant spatial and temporal diversity \[[@pone.0166176.ref003], [@pone.0166176.ref004]\]. A disruption of this relationship (i.e., dysbiosis), can be coupled with a loss of bacterial diversity which is associated with a number of conditions including psoriasis, atopic dermatitis, rosacea, and acne \[[@pone.0166176.ref005], [@pone.0166176.ref006]\]. Although this is also the case with diabetic wounds \[[@pone.0166176.ref007]\], the influence of the normal skin microbiome on cutaneous wound healing remains largely unstudied.

When injured, the skin's main barrier function becomes compromised and the inflammatory phase of wound healing can both enhance or suppress recovery \[[@pone.0166176.ref008]\]. The cutaneous microbiome has been shown to modulate T-cell phenotype as well as inflammatory mediators such as IL-1, IL-10, and interferon-γ during wound healing \[[@pone.0166176.ref001], [@pone.0166176.ref009]--[@pone.0166176.ref012]\]. Moreover, when bacteria normally found in the human stratum corneum colonize a wound, antimicrobial and inflammatory proteins are released from basal keratinocytes \[[@pone.0166176.ref013]\]. Animal studies have recently revealed that vancomycin-treated mice exhibit dysbiosis of the cutaneous microbiome which is associated with delayed wound healing \[[@pone.0166176.ref014]\]. Alternatively, germ-free mice exhibit accelerated wound closure and less scar formation, which is reversed by inoculation with conventional microbiota \[[@pone.0166176.ref012]\]. While these conflicting studies highlight the potential impact of the microbiome on wound healing, the applicability of rodent models to humans remains controversial \[[@pone.0166176.ref015]\].

Porcine models are widely considered to be the gold standard for cutaneous wound healing studies due to structural and healing similarities to human skin \[[@pone.0166176.ref016]--[@pone.0166176.ref020]\]. As such, a large number of studies utilize pigs to examine wound healing to show, for example, that significant anatomic variability in the rates of wound healing exist \[[@pone.0166176.ref021]\], which is also affected by age \[[@pone.0166176.ref022]\]. Despite this, the pig skin microbiome is largely uncharacterized, with the only information involving changes in the porcine inner ear (i.e., pinnae) microbiome due to scabies \[[@pone.0166176.ref023]\]. To this end, we utilized 16S rDNA sequencing to characterize the healthy porcine skin bacteriome in terms of microbial composition, phylogeny, density, and diversity at four anatomical locations. Additionally, we examined paracrine effects of the bacterial supernatant from each of these anatomical locations on human fibroblast and keratinocyte migration, viability, and keratinocyte Vascular Endothelial Growth Factor (VEGF) release. These assays were chosen to reflect potential effects of resident bacteria on cellular motility, health, and growth factor release that are vital for normal wound healing. We hypothesized that significant anatomical variability exists in the cutaneous microbiome of the pig, which would be associated with differences in *in vitro* wound healing assays. We found significant similarities between porcine and human cutaneous bacteriomes, and found that conditioned media from different anatomical locations had drastically different effects on fibroblast and keratinocyte phenotypes.

Materials and Methods {#sec002}
=====================

Ethics {#sec003}
------

Seven-three month old female Yorkshire (*Sus Scrofa*) pigs (Midwest Research Swine) weighing between 30.2 and 39.2 kg were allowed *ad libitum* access to food and water. After a minimum of 72 hours of acclimation into the facilities, animals were swabbed for bacterial analysis during normal blood screening procedures. All animal experiments were approved by veterinary consultation within the Animal Care and Use Committee, US Army Institute of Surgical Research. This study has been conducted in compliance with the Animal Welfare Act, the implementing Animal Welfare *Regulations*, and the principles of the *Guide for the Care and Use of Laboratory Animals*.

Swabbing {#sec004}
--------

Pigs were anesthetized using telazol (IM, 4mg/kg) and swabbing was performed using cotton tipped applicators (ThermoFisher Scientific) soaked in sterile saline solution (Baxter). Four anatomical locations on each animal termed Cranial-Dorsal (AL1), Caudal-Dorsal (AL2), Cranial-Ventral (AL3), and Caudal-Ventral (AL4) were swabbed on unshaven pigs as shown in [Fig 1](#pone.0166176.g001){ref-type="fig"}. Dorsal and ventral swabs were taken from a location 4 cm from the vertebrae or nipple line, respectively, using a modified Levine technique covering a 4 cm^2^ area. Cranial swabs were taken just distal to the scapula, while caudal swabs were taken just proximal to the ischium in order to reflect known differences in cranial versus caudal wound healing. Each site was separated into three adjacent swabs for placement in: 1mL enzymatic lysis buffer (20mM Tris pH 8, 2mM EDTA, and 1.2% Triton X-100) stored at -80°C until 16s rDNA sequencing; 1mL saline for immediate aerobic culture for CFU estimation; and 1mL Mueller-Hinton Broth II (MHBII, BD) for bacterial expansion. Swabbing was randomized by alternating between left and right sides from animal to animal, however the side swabbed remained constant for each animal.

![Methods Summary (a) Schematic of swabbing locations. (b) Graphical representation of methods used.](pone.0166176.g001){#pone.0166176.g001}

DNA Isolation and Sequencing {#sec005}
----------------------------

After thawing, swabs were vortexed for 30 seconds, and 500uL of suspension was removed for extraction. DNA was bead extracted and DNA isolation was performed using the BioFire Platinum Path IT1-2-13 DNA/RNA Extraction Kit (BioFire Defense) according to the manufacturer's protocol with the following modifications; Roche MagnaLyser was utilized for bead agitation/cell disruption for 15 sec at 3000 rpm, a second cleanup/concentration step was implemented using a 1:1 ratio magnetic beads to eluate. Samples that had sufficiently high DNA content (\> 5ng/μL) after amplification were sequenced (n = 4/ anatomical location). 16S rDNA amplification, library creation, and sequencing using Illumina MiSeq was performed at the Forsyth Institute (Cambridge, MA) HOMINGS core. Briefly, libraries were created by amplifying the V1V3 region of 16S rDNA using barcoded 518F (5'- TATGGTAATTCAATTACCGCGGCTGCTGG-3') and 27R (5'- AGTCAGTCAGCCGAGTTTGATCMTGGCTCAG-3') primers (Integrated DNA Technologies) that contained Illumina adaptors and cleaned up using Ampure beads (Beckman Coulter Life Sciences). Libraries were pooled, run on a 1% agarose gel, and isolated using a Minelute Gel extraction kit (Qiagen). Sequencing was then performed using a 2x250 V2 cartridge using 518F and 27R primers. An additional indexing primer (5'- CTGAGCCAKGATCAAACTCGGCTGACTGACT-3') was also used. Sequences were deposited in the NCBI Sequence Read Archive (<https://www.ncbi.nlm.nih.gov/Traces/sra/>) under biosample accession number SAMN05948837.

Bioinformatics analyses {#sec006}
-----------------------

Sequencing analysis was performed using MacQIIME \[[@pone.0166176.ref024]\] (version 1.9.1--20150604) using the pipeline described by the Werner Lab ([http://www.wernerlab.org](http://www.wernerlab.org/)). Sequences were merged and de-multiplexed, which identified 1,591,186 sequences across all samples. 26,351 chimeras were detected and removed from further analysis using USEARCH version 4.2.40 and the gold.fa reference database (<http://drive5.com/uchime/uchime_download.html>). Using UCLUST \[[@pone.0166176.ref025]\] at a 97% threshold similarity, *de novo* operational taxonomic units (OTUs) were assigned to each read. A representative sequence for each OTU was then assigned and yielded 16,705 OTUs. Using the Greengenes reference database \[[@pone.0166176.ref026]\], taxonomy was assigned to generate an OTU table was created followed by creation of a filtered alignment to build a phylogenic tree using FastTree \[[@pone.0166176.ref027]\]. Rarefactions were then performed in multiples of ten and alpha diversity calculated. The number of observed species was calculated from 50 reads to 40,000 reads. Other indices of alpha diversity were calculated at the 40,000-reads/sample thresholds. These included Chao1, PD_whole tree, Shannon and Simpson reciprocal analysis. Weighted and un-weighted UniFrac \[[@pone.0166176.ref028]\] indices of beta diversity were estimated. PERMANOVA statistics were performed on both measures, and principal coordinate analysis (PCoA) plots were generated. A Venn diagram was created using Venny (<http://bioinfogp.cnb.csic.es/tools/venny/index.html>).

CFU Estimation {#sec007}
--------------

Swabs were vortexed for 1 minute, and 1:10, 1:100, 1:1000 serial dilutions were plated on Blood Agar plates (Remel) and placed at 37°C under oxic conditions for 48 hours. Saline solution alone was plated as a negative control. Following a 48 hour incubation, plates were digitally photographed and those with 30 to 300 colonies were counted.

Fibroblast and Keratinocyte Culture {#sec008}
-----------------------------------

Primary Normal Human Dermal Fibroblasts (NHDF) and Normal Human Epidermal Keratinocytes (NHEK) were provided by Dr. Robert Christy lab under an approved institutional review board protocol (\# H-11-020) by isolation techniques previously described \[[@pone.0166176.ref029]--[@pone.0166176.ref031]\]. Briefly, tissue harvested during an abdominoplasty underwent a 2 unit/mL dispase (Gibco) digestion, which was used to isolate epidermal versus dermal layers that were processed separately. NHEKs were isolated by mincing epidermal layer that was then filtered, centrifuged, and plated. NHDFs were isolated through mincing and subsequent digestion in 10 mg/mL collagenase (Gibco) in Hank's Balanced Salt Solution (HBSS, Gibco) with 1% Fetal Bovine Serum (FBS, Gibco) and 1% Antibiotics/Antimycotics (AB/AM, Gibco). NHDFs were then filtered, centrifuged, and plated. NHEKs and NHDFs exhibit expected cobblestone and spindle morphology, respectively, and no signs of contamination. NHDF cells, passage 5 through 7, were cultured in α-Minimally Essential Media (MEM, Gibco) containing 10% FBS and 1% AB/AM at 37°C supplemented with 5% CO~2~. NHEK cells, passage 4 through 6, were cultured in Keratinocyte Media (KM, Promocell) containing all supplements and 1% AB/AM (Gibco) at 37°C supplemented with 5% CO~2~. All cells were grown to 80% confluency and passaged using .25% Trypsin/EDTA solution (Gibco).

Bacterial Expansion and Bacterial-Treated Media (BTM) Preparation {#sec009}
-----------------------------------------------------------------

Swabs were vortexed for 1 minute and subsequently diluted 1:5 in MHBII and placed at 37°C under oxic conditions on a shaker for 24 hours. A 100uL aliquot was added to a 96-well plate to obtain the optical densities (OD) at 600nm for approximate bacterial concentrations. To make BTM, bacterial suspensions were centrifuged for 12 minutes at 4000g and pellets were then suspended in 5mL of either MEM or KM without AB/AM. Following an additional 24-hour incubation, samples were centrifuged for 12 minutes at 4000g, and supernatant was sterilized through 0.22μm syringe filters, confirmed by plating on Blood Agar plates. The pH was determined to be between 7.0 and 7.5 before use with any cells. The bacterial pellet was frozen at -20°C for later culture analysis of the polymicrobial status of BTM cultures. A Pierce BCA Protein Assay (Thermo Fisher) was performed on all BTM, according to manufacturer's protocol, to quantify protein concentrations.

Migration Assays {#sec010}
----------------

Migration assays were performed similarly to that previously described \[[@pone.0166176.ref032]\]. Briefly, a solution containing a 1:4 ratio of BTM and corresponding growth media (referred to as MEM-BTM for NHDF assays and KM-BTM for NHEK assays) was utilized. Functional migration assays of NHEKs and NHDFs were performed using Oris Cell Migration Plates (Platypus Technologies). Twenty-Five thousand cells of either NHDF Passage 6 or NHEK Passage 6 were seeded in 100uL in each well and allowed to adhere for four hours. Well inserts were removed and KM-BTM, MEM-BTM or growth media alone were added to triplicate wells, with inserts left in negative control wells. NHDFs and NHEKs were allowed to migrate for up to 24 hours, and cells were then stained with Calcein AM (Thermo Fisher) and imaged using an inverted microscope (Olympus, Inc.). NHDF migration was quantified with a BioTek SynergyMx Plate Reader using the provided plate screen by reading fluorescence (Ex~485~, Em~530~) of only the cells that have migrated inward. NHEK retraction was quantified manually using the area function of ImageJ (National Institutes of Health).

NHEK-BTM Interaction {#sec011}
--------------------

Twenty-five thousand NHEKs were also seeded on regular 96-well tissue culture plates and incubated in KM-BTM for 24 hours, followed by fixation with 4% paraformaldehyde (Electron Microscopy Sciences). Cells were blocked and permeablized with 1% Bovine Serum Albumin (BSA, Sigma) and 0.1% Triton-X100 (Fisher) in HBSS. Cells were incubated with either: Caspase-3 (Abcam, Cat. \#: ab4051, lot \# GR189279-7, 1:300 dilution) or Cytokeratin-14 (Thermo Fisher, Cat \#: RB-9020-P, lot \#: 9020P1006I, 1:100 dilution) antibodies in HBSS for 2 hours at RT. Cells were then washed, and again blocked with 1% BSA and 0.1% Triton-X100 in HBSS for 1 hour. Fluorescently labeled secondary antibody (ThermoFisher, 1:500 dilution) was then applied and incubated for 1h at RT. Plate(s) were washed, and 0.5ug/mL DAPI (Thermo Fisher) in HBSS solution was applied. Cells were then imaged and the Caspase-3:DAPI ratio was calculated using ImageJ (National Institutes of Health) using the analyze particles feature. In addition to cell imaging, KM-BTM from the experiment described above was collected for ELISA analysis. Replicate mediums were pooled and used undiluted in human Vascular Endothelial Growth Factor (VEGF) ELISA (R&D) according to manufacturer's protocol.

Statistics {#sec012}
----------

A power analysis was done to compare 4 samples (AL) via one-way ANOVA with 6 pairwise comparisons, based on pilot CFU counts. Means of 50000 and 20000, and a standard deviation of 15000 were used for sample size calculation, yielding n = 7. For sequencing, pre-established criteria included only those samples with a final DNA concentration over 5ng/μL, yielding n = 4 for each anatomical location (average DNA content of 14.21 ± 1.64 ng/μL). Two-way ANOVA analysis with Tukey's post-testing was performed at each taxonomic level to determine differences in diversity between anatomic locations. To evaluate if each AL represented distinct a community, PERMANOVA analysis was performed in QIIME. For migration assays, caspase staining, and ELISAs, one-way ANOVA with Tukey's Post-testing was used to compare anatomical locations while media controls were compared with log-transformation and t-tests assuming unequal variance. Equal variance was found in all parameters, as found by Brown-Forsythe testing. Unless otherwise stated, values are represented as arithmetic mean ± SEM.

Results {#sec013}
=======

16s rDNA sequencing {#sec014}
-------------------

While spatial heterogeneity of the microbiome has been documented in humans, the normal porcine microbiome is largely unstudied. We chose to characterize the microbial flora of different anatomical locations previously shown to differ in wound healing studies via 16s rDNA sequencing. We identified a diverse community of both bacteria and archaea that primarily belonged to the *Firmicutes* (55.6 ± 4.0%), *Bacteroidetes* (20.8 ± 2.6%), *Actinobacteria* (13.3 ± 4.6%), and *Proteobacteria* (5.1 ± 0.5%) phyla, among others ([Fig 2](#pone.0166176.g002){ref-type="fig"}). At the species level, the most common bacteria included unidentified species of the Ruminococcaceae family (11.3 ± 0.9%), Clostridiales order (8.2 ± 1.0%), and Lachnospiraceae family (7.4 ± 0.9%). Of those species that represented on average greater than 1% of the skin bacteria, three were identified by name: *Kocuria rhizophila* (7.0 ± 2.4%), *Faecalibacterium prausnitzii* (2.8 ± 0.3%), and *Prevotella copri* (2.4 ± 0.5%)

![Top phyla and genera grouped by anatomic location.\
Phyla (a) and species (b) representing, on average, greater than 0.1% or 1% of all sequences, respectively. Percentages represent abundance of phyla averaged across all samples. Lines between keys link taxonomy of each OTU shown. Two samples (from AL2 and AL3) exhibit abnormally high Actinobacteria (green bars in (a)), specifically *Kocuria rhizophila* and an unidentified *Micrococcus* species. Grouped by anatomic location, biological replicates (n = 4/AL) are shown with each bar representing one animal.](pone.0166176.g002){#pone.0166176.g002}

To give insight into the distribution of specific bacterial species, we examined the 518 unique sequences identified which are listed in [S1 Table](#pone.0166176.s003){ref-type="supplementary-material"}. All of the 20 bacterial genera identified in chronic wounds (as summarized in Misic, et al \[[@pone.0166176.ref033]\]) were identified in at least one sample with the exception of the *Morganella* genus. Of the 518 total bacterial species identified, 222 (42.9%) were present in all anatomical locations, while 150 (29.0%) were unique to one particular location ([Fig 3A](#pone.0166176.g003){ref-type="fig"}). More species were unique to dorsal locations (i.e., AL1 and 2, 3.9%) than ventral locations (AL3 and 4, 1.2%). For example, the *Finegoldia* genera (0.041 ± 0.04 and 0.009 ± 0.006% in AL1 and AL2, respectively), was only present in dorsal locations. Moreover, the *Oligella* genera were only observed in AL1 (0.033 ± 0.003%) while the *Janthinobacterium* genera was only observed in low abundance one sample in AL2. Other known pathogenic genera identified by Misic et al. such as *Pseudomonas* spp., *Porphyromonas* spp., and *Staphylococcus* spp. were observed in all locations, but in relatively low abundance.

![**Species overlap, composition, and alpha diversity by anatomic location** (a) Venn diagram showing the overlap of the 518 identified species between anatomic locations (n = 4/AL). (b) Weighted PCoA Plots wherein each point (n = 16) represents a single swab, reveals the swabs containing abnormally high Actinobacteria, indicated by the arrows. PERMANOVA analysis revealed no significant grouping between anatomic locations (p\>0.05). (c) Rarefaction curves for each swab from zero to 40,000 reads per sample showing the number of observed species at each read depth. (d) Chao1 (richness, p = 0.0054), PD_whole tree (diversity, n.s.), Shannon (diversity, n.s.), Simpson (Evenness, n.s.) indices of alpha diversity. AL1 (blue), AL2 (yellow), AL3 (green), AL4 (red). \*\*p\<0.01 (2-way ANOVA with Tukey's Post-testing n = 4/AL).](pone.0166176.g003){#pone.0166176.g003}

Differences in wound healing in the dorso-ventral and cranio-caudal anatomical axes may be influenced by differences in the local microbiome. Thus, we separated sequencing data on those axes for quantitative analysis of species differences between anatomic locations as delineated in [Table 1](#pone.0166176.t001){ref-type="table"} and [Fig 1](#pone.0166176.g001){ref-type="fig"}. Of note, there were significantly less *Streptococcus* species in AL3 compared to all other locations. Significant site-specific differences in *Faecalibacterium prausnitzii*, *Kocuria rhizophila*, and in *Lactobacillus* and *Micrococcus* species were also observed, even following elimination of the AL2 and AL3 swabs from the pig with high Actinobacteria (data not shown). Examination of differences between Cranial (AL1, AL3) and Caudal (AL2, AL4) swabs revealed a significant elevation of unidentified species of the Clostridiales order (p = 0.04), the Lachnospiraceae family (p\<0.0001), and the Ruminococcaceae family (p\<0.0001).

10.1371/journal.pone.0166176.t001

###### Species level differences by anatomic region.

![](pone.0166176.t001){#pone.0166176.t001g}

  Class             Order                          Family             Name (genus, species)   \% Dorsal   \% Ventral   p-value     \% Cranial   \% Caudal   p-value
  ----------------- ------------------------------ ------------------ ----------------------- ----------- ------------ ----------- ------------ ----------- ---------
  Bacteroidia       Bacteroidales                  unnamed            unnamed                 2.42        4.12         0.0002      3.35         3.19        ns
  Bacilli           Lactobacillales                Lactobacillaceae   Lactobacillus sp.       2.15        0.62         0.0021      1.80         0.97        ns
  Clostridia        Clostridiales                  unnamed            unnamed                 7.11        9.22         \< 0.0001   7.50         8.83        0.0446
  Clostridiaceae    unnamed                        4.91               0.85                    \< 0.0001   3.48         2.28        ns                       
  Lachnospiraceae   unnamed                        6.21               8.50                    \< 0.0001   5.95         8.76        \< 0.0001                
  Ruminococcaceae   Faecalibacterium prausnitzii   1.98               3.57                    0.0009      2.52         3.03        ns                       
  unnamed           10.99                          11.54              ns                      10.32       12.21        \< 0.0001                            

Species-level analysis of differences comparing Dorsal (AL1 & AL2) v. Ventral (AL3 & AL4) and Cranial (AL1 & AL3) v. Caudal (AL2 & AL4) swab sites. Only species with significant differences (2-way ANOVA with Tukey's Post-testing, n = 4/AL, p\<0.05) are shown.

While species-level differences due to anatomical location are apparent, we sought to identify if the microbiome from these locations represented distinct microbial communities, and if they differed in diversity. Weighted principle coordinate analysis (PCoA) ([Fig 3B](#pone.0166176.g003){ref-type="fig"}**)** revealed the distinct community represented by the swabs with high amounts of Actinobacteria; however, this observation diminished in un-weighted analysis ([S1 Fig](#pone.0166176.s001){ref-type="supplementary-material"}). Moreover, no significant grouping by anatomic location was seen as revealed by PERMANOVA analysis of weighted or un-weighted beta diversity scores. Rarefaction analysis ([Fig 3C](#pone.0166176.g003){ref-type="fig"}) and alpha diversity calculations ([Fig 3D](#pone.0166176.g003){ref-type="fig"}) showed a significant increase in Chao1 (richness) index from AL1 to AL4 (p = 0.0054). This trend was lso evident in PD_whole tree analysis (diversity) but not in Shannon (diversity) or reciprocal Simpson (evenness) scores.

Bacterial Treated Media (BTM) Preparation {#sec015}
-----------------------------------------

The amount of bacteria from different anatomical locations, and their expansion in media used for *in vitro* studies was examined. Initial CFU counts from all swabs were determined, and no significant differences were observed between anatomical locations ([Fig 4A](#pone.0166176.g004){ref-type="fig"}). Visual inspection of the plates revealed a diverse poly-microbial population that was easily cultured ([Fig 4B](#pone.0166176.g004){ref-type="fig"}**)**. Bacterial concentrations as approximated by OD~600~ values did not differ after expansion in Mueller-Hinton Broth II (MHBII), α-Minimally Essential Media (MEM) or Keratinocyte media (KM) ([S2 Fig](#pone.0166176.s002){ref-type="supplementary-material"}). Bacterially treated MEM (MEM-BTM) ([Fig 3C](#pone.0166176.g003){ref-type="fig"}) and bacterially treated KM (KM-BTM) ([Fig 4D](#pone.0166176.g004){ref-type="fig"}) had similar protein concentrations from all anatomical locations. However, KM-BTM from all locations had a lower protein content compared to KM alone (p\<0.004), indicating significant protein catabolism by bacteria during incubation ([Fig 4D](#pone.0166176.g004){ref-type="fig"}). Culturing of unfiltered KM-BTM and MEM-BTM also revealed a poly-microbial community ([S2 Fig](#pone.0166176.s002){ref-type="supplementary-material"}), with similar bacterial load.

![Bacterial load and culture.\
(a) Number of colony forming units (CFU) for each anatomic location (n = 7/AL). One-way ANOVA revealed no significant differences between anatomic locations. (b) Representative 1-10-fold dilution of CFU plates is displayed showing a diverse polymicrobial community. Protein content is similar between anatomic locations for MEM-BTM (c) and KM-BTM (d). KM-BTM had a significant reduction in protein content compared to KM alone (p = 0.004) however MEM-BTM did not.](pone.0166176.g004){#pone.0166176.g004}

The effect of bacterial supernatant on human fibroblast and keratinocyte cell migration {#sec016}
---------------------------------------------------------------------------------------

We wanted to then see if proteins released from bacteria influenced *in vitro* assays of wound healing using human cells. We applied bacterial-released proteins to NHDF and NHEK cells grown in a cell migration plate. As shown in [Fig 5](#pone.0166176.g005){ref-type="fig"}, MEM-BTM from all anatomical locations supported NHDF migration compared to the negative control, indicating that there was no adverse effect on cell viability. While all BTM showed lower fluorescence reading compared to normal MEM, only MEM-BTM prepared from ventral sites inhibited migration of NHDFs compared to MEM alone (p = 0.044 and p = 0.039 for AL3 and AL4, respectively). NHEKs in both positive and negative control groups did not display sufficient migration to utilize the fluorescence reading ability of cell migration plates. Moreover, KM-BTM from all locations not only exhibited decreased cell densities within the insert, but also increased the remaining area without NHEKs compared to KM control ([Fig 5](#pone.0166176.g005){ref-type="fig"}).

![The effect of MEM-BTM on Fibroblast and Keratinocyte migration.\
(a) Fibroblasts seeded on cell migration plates were allowed to migrate overnight. Fibroblasts incubated with BTM from all locations migrated more than the negative control (p\<0.04) however migration was impeded in BTM from ventral swabs (AL3, p = 0.04 & AL4, p = 0.04) compared to a-MEM control (two-tailed unpaired t-test, n = 7/AL). \#, p\<0.05 v. Media control; +, p\<0.05 v. "Insert in" Control. (b) Respective 4x images of each location are shown and scale bars represent 1.0 mm. (c) Keratinocytes seeded on cell migration plates were allowed to migrate overnight. NHEKs incubated with BTM from all locations exhibited retraction compared to media control (p\<0.05), however AL1 (p = 0.004), AL2 (p = 0.0003), and AL3 (p = 0.02) also exhibited significant retraction compared to negative control (two tailed unpaired t-test, n = 7/AL). \#, p\<0.05 v. Media control; +, p\<0.05 v. Insert In Control. (d) Respective 2x images of each location are shown and scale bars represent 2.0 mm. Images are a representation of two independent experiments.](pone.0166176.g005){#pone.0166176.g005}

The influence of bacterial supernatant on NHEKs {#sec017}
-----------------------------------------------

The previous finding indicated that BTM negatively affected the viability of NHEKs. To explore the mechanistic basis behind the reduction in NHEK density, we examined the expression of the apoptosis marker Caspase 3, and the active keratinocyte marker Keratin14 on NHEKs. As shown in [Fig 6A](#pone.0166176.g006){ref-type="fig"} (quantified in [Fig 6B](#pone.0166176.g006){ref-type="fig"}), KM-BTM from AL4 increased Caspase-3+ cells compared to the other three sites (p = 0.0022), while that from AL1 decreased Caspase-3+ cells compared to KM (p = 0.0003). This difference is due, in part, to the reduction in the total amount of NHEKs grown in BTM from AL4, suggesting other mechanisms are also involved. NHEKs incubated in KM-BTM from AL2-4 also continued to express the basal-keratinocyte marker cytokeratin-14, while cells incubated with media from AL1 or KM alone reached confluence and lost this expression ([Fig 6A](#pone.0166176.g006){ref-type="fig"}).

![The effect of KM-BTM on Keratinocyte viability, differentiation, and VEGF release.\
(a and b) NHEKs were treated with KM-BTM, fixed, and stained with caspase-3. The percentage of cells expressing caspase-3 is higher in NHEKs treated with BTM from AL4 compared to other locations (p\<0.02) and lower in AL1 (p = 0.0003) compared to incubated KM. (a, right column) Cytokeratin-14 expression was maintained when incubated in BTM from AL2-4 but not in AL1 or KM alone. For caspase-3 stain, 4x images are shown and scale bars represent 500 μm. For K-14 stain, 10x images are shown and scale bar represents 50 μm. (c) VEGF protein levels in cell supernatant were decreased following incubation in BTM from all locations (p\<0.01) except for AL1 compared to incubated keratinocyte media (two tailed unpaired t-test, n = 7/AL).](pone.0166176.g006){#pone.0166176.g006}

In addition to examining NHEK expression after BTM incubation, we also performed ELISAs on the media supernatant for growth factor analysis. Compared to KM-incubated NHEKs (1004.714 pg/mL), a significant decrease in VEGF release was seen in NHEKs incubated with KM-BTM from all location except AL1 ([Fig 6C](#pone.0166176.g006){ref-type="fig"}). These differences are not attributable to any amount of VEGF present in KM (which was undetectable) or un-incubated KM-BTM (7.1 pg/mL on average), but rather indicate that KM-BTM from AL2-4 inhibits VEGF release from NHEKs. Analysis of Keratinocyte Growth Factor (KGF) did not reveal any appreciable amount of KGF in any group, including the media control.

Discussion {#sec018}
==========

Recent advances in sequencing technology have revealed vast amounts of information about the human skin microbiome, yet animal models of these complex communities are lacking. Although studies of the microbiome's effect on cutaneous wound healing have been performed in rodents \[[@pone.0166176.ref007]\] and dogs \[[@pone.0166176.ref034]\], such studies have not been performed in pigs. This is despite the pig being widely regarded as the best clinical surrogate for wound healing studies due to similarities in architecture (e.g., hair follicle density, epidermal thickness, etc.) and the mechanisms of wound healing (i.e., contraction vs. epithelialization) to the human skin \[[@pone.0166176.ref016]--[@pone.0166176.ref018]\]. In the current study we present evidence of similarities and differences in the cutaneous microbiomes from swine to humans that may be leveraged to study different variables such as age, anatomical location, or disease. Moreover, given that proteins released from bacterial populations on pig skin affect human cells, the pig is well suited for further studies examining the role of natural flora on homeostasis and wound healing.

The porcine cutaneous microbiome and wound healing {#sec019}
--------------------------------------------------

While the human skin bacteriome harbors the same top four phyla as reported in this study, their relative abundances are slightly altered \[[@pone.0166176.ref003]\]. At the species level, we identified several unnamed organisms representing relatively high abundances on the pig skin. These included species of the *Lactobacillus*, *Ruminococcus*, *Streptococcus*, and *Micrococcus* genera. The most abundant species were unnamed organisms of the *Ruminococcaceae* (11.4%), *Lachnospiraceae* (7.4%) families and *Clostridiales* (8.2%) order. This is in contrast to the high abundance of *Propionibacterium*, *Corynebacterium*, and *Staphylococcus* commonly found on human skin \[[@pone.0166176.ref003]\], which only represented 0.0045 ± 0.006% of sequences, 0.33 ± 0.3%, and 0.57 ± 0.5% of the pig skin bacteriome, respectively. While *Kocuria rhizophila*, the fourth most abundant species in our samples, has been shown to cause systemic infection, its role in cutaneous wound healing is unclear \[[@pone.0166176.ref035]\].

Interestingly, a large proportion of species found on pig skin are also constituents of the pig gut microbiome. This could, in part, be due to overlap in community composition, or the fact that that the pig lifestyle promulgates interactions between the fecal bacteriome and the skin. For example, *F*. *prausnitzii*, which represents 2.8% of the pig skin bacteriome, makes up 6.57% of the pig fecal microbiome \[[@pone.0166176.ref036]\] and 9.8% of the human gut microbiome \[[@pone.0166176.ref037]\]. Studies of the human gut microbiome have shown that intestinal *F*. *prausnitzii* influences atopic dermatitis through immunomodulation of the T~H~2 response to inflammation \[[@pone.0166176.ref038]\]. In our animals, we observed significantly higher amounts of *F*. *prausnitzii* in AL4 (4.1 ± 0.5% of sequences) compared to AL1 (2.0 ± 0.5% of sequences) and AL2 (2.0 ± 0.4% of sequences). While this anatomic location is in closer proximity to fecal matter it is not often the location of choice in wound healing studies due to difficulty in applying dressings. It is not known whether this bacterium, or other gut flora, have direct effects on cutaneous wound healing when present on the skin, although modulation of the gut flora indirectly affects cutaneous wound healing \[[@pone.0166176.ref039]\].

Many variables affect the cutaneous microbiome {#sec020}
----------------------------------------------

To our knowledge, this is the first study that examines cutaneous bacterial populations in swine from multiple anatomical locations. One previous study by Swe et al. focused on disease (i.e., scabies)-driven changes in the microbiome of the inner surface of the ear \[[@pone.0166176.ref023]\]. They did, however, find in healthy swine that the most common genera were *Streptococcus* and *Lactobacillus*, which were also represented in 2.41% and 1.65% of the species we identified in the current study. These authors also found that as the pigs aged 21 weeks (starting at about 3 weeks of age), there was a significant reduction in microbial diversity. This is at odds with what is seen in humans, which has been shown to be an increase in diversity after infancy \[[@pone.0166176.ref040], [@pone.0166176.ref041]\]. Additional factors such as the rigorously maintained housing facilities could be a possible explanation for this discrepancy. Regardless, direct comparisons of these two pig populations (as well as those to humans) are difficult to compare due to vast number of variables to include age and species/breed. As such, direct comparisons within studies are much easier to interpret and, while previously known in humans \[[@pone.0166176.ref002]\], differences in the microbiome at different anatomical locations in swine have not been studied.

To this end, we also observed a decreased Chao1 index in AL1 compared to AL4, indicating decreased species richness. While we hypothesized that the relatively moist environment of the ventral swabs would provide contrasting microbial communities with the swabs of the dorsum (AL1 and AL2), perhaps more extreme locations could have been chosen (i.e., hoof, snout, jowls, etc.). Interestingly, however, in two individual swabs we observed an abnormally high abundance of Actinobacteria, including *K*. *rhizophila* and of an unnamed *Micrococcus* species. This resulted in distinct communities found by weighted PCoA analysis, but not by unweighted analysis indicating abnormal bacterial abundance but not presence. Whether these changes might represent a dysbiosis is a subject for future investigations of swine health. In light of the observation that we did not find high amounts bacterial genera commonly found in chronic wounds, these results could indicate an altered species-level profile compared to humans.

One aspect of anatomical variability this study does not address is that of tissue depth. A previous study has eloquently showed that there are several subepidermal niches of bacteria under normal conditions \[[@pone.0166176.ref004]\]. Indeed, different niches such as sebaceous or sweat glands are likely not represented in the data presented herein. The fact that these pigs were unshaven, however, does indicate that this population includes bacteria associated with hair. From a wound healing perspective, bacteria that colonize the most superficial aspect of a wound often do not result in clinical infection until the bacteria has reached deeper areas of tissue. In this regard, homogenizing tissue for analysis of the bacteria may result in distinct populations.

Effects on human cells {#sec021}
----------------------

We also found that supernatant from pig bacteria cultured *in vitro* had anatomic location-specific effects on human keratinocytes (NHEKs) and in fibroblasts (NHDFs). Specifically, BTM from ventral locations significantly reduced NHDF migration compared to media alone. These results indicate potential implications for scarring, as it is known that bacterial infections can cause fibroblast proliferation \[[@pone.0166176.ref042], [@pone.0166176.ref043]\], a hallmark of hypertrophic scarring \[[@pone.0166176.ref044]\]. Previous studies in pigs have shown that cranial wounds exhibit slower re-epithelization and higher contraction compared to caudal sites \[[@pone.0166176.ref021]\] although this could have been a result of differences in wound depth \[[@pone.0166176.ref045]\]. Regardless, the role of normal bacterial flora on fibroblast proliferation and collagen deposition remains to be elucidated. The fact that proteins from bacterial populations on pig skin affect human cells suggests that swine could be used to assess the interplay between the microbiome and topical treatments, injuries, or infections.

As keratinocytes likely have greater exposure to bacteria *in vivo* due to their location on the skin, we hypothesized that NHEKs would display enhanced sensitivity to KM-BTM. In line with this, bacterial supernatant from AL1 and AL4 consistently showed contrasting effects on NHEKs. KM-BTM from only AL1 produced statistically similar VEGF release, decreased caspase-3 staining and an identical K-14 staining pattern compared to KM alone. This suggests KM-BTM from AL1 (and normal KM) supported NHEK viability and proliferation, with subsequent differentiation once confluency was reached. On the contrary, NHEKs incubated in KM-BTM from AL4 exhibited strong K-14 staining, decreased VEGF release, and drastically decreased cell viability. These results suggest the possibility of detrimental effects on wound healing (i.e. delayed reepithelialization) dependent on anatomical location, which warrants further investigation.

Implications {#sec022}
------------

Taken together, these findings could have not only clinical implications, but also on pig models that investigate wound healing. For example, such studies commonly utilize multiple wounds on a single pig in order to reduce cost and resource investment. As previously mentioned, anatomic location can effect wound healing, which can confound results if not properly controlled. The mechanisms of this phenomenon are not fully understood, however they may be a result of differences in skin thickness, especially of the subcutaneous layer, and in hair follicle density \[[@pone.0166176.ref045]\]. The results presented herein suggest that the cutaneous bacteriome may also be influencing location-dependent differences in wound healing. While the effect of pathogenic bacteria (including biofilms) on human cell migration has been studied previously \[[@pone.0166176.ref046]\], to our knowledge this is the first study that examines changes in human cell migration due to normal bacterial flora.

We acknowledge that our study has several limitations. First, we only examined healthy female swine of a young age, with similar environmental cues and genetic makeup. Our choice of relatively young (3 month old) pigs reflects the usual age for wound healing studies in swine, due to the logistical constraints of handling larger animals \[[@pone.0166176.ref016]\]. However, it is known that age affects not only wound healing in swine \[[@pone.0166176.ref022]\], but also the microbiome of humans \[[@pone.0166176.ref047]\]. Similarly, while Yorkshire pigs are often used for wound healing studies, other species have been incorporated depending on the research question, such as Red Duroc pigs for studying hypertrophic scarring \[[@pone.0166176.ref048]\]. While several studies examine the differences between molecular signaling and host fibroblasts between these two species \[[@pone.0166176.ref049], [@pone.0166176.ref050]\], the influence of the microbiome could be an exciting avenue of future research. \[[@pone.0166176.ref003]\]. Second, although included in sequencing analysis, obligate anaerobic bacteria (which do influence wound healing) were not cultured and were thus excluded from *in vitro* analysis. Third, we did not perform 16S rDNA sequencing on BTM preparations, and due to species selection, proteins in the BTM may be an inferential reflection of the bacteriome. Future studies could investigate these observations in addition to a temporal shift that may occur as these animals age and respond to stress or injury.

Conclusions {#sec023}
===========

In summary, this study characterizes the pig skin bacteriome beyond the inner ear, setting the stage for a number of studies. Specifically, future work could focus on the impact of topical treatments, injuries, and infections on the porcine microbiome and cutaneous wound healing. We found that although humans and pigs share similar phyla on the skin, species-level differences do exist. However, further studies are needed to investigate their impact on wound healing. Likewise, we found that the media conditioned by normal flora bacteria from porcine skin influenced human fibroblast migration as well as human keratinocyte viability, and growth factor release. As a result, we suggest that the pig could serve as a suitable model in future studies examining the impact of the microbiome on various skin disorders and wounds.

Supporting Information {#sec024}
======================

###### Unweighted PCoA Plot.

Arrows identify swabs that contain abnormally high Actinobacteria abundance that result in distinct communities in weighted analysis ([Fig 3B](#pone.0166176.g003){ref-type="fig"}). PERMANOVA analysis revealed no significant grouping between Anatomic Locations. Each point (n = 16) represents a single swab and is colored based on anatomic location: AL1 (blue), AL2 (yellow), AL3 (green), AL4 (red).

(TIF)

###### 

Click here for additional data file.

###### 

Bacterial culture and BTM preparation (a) Bacterial growth following 24 hours of incubation in MHBII broth (n = 7/AL). Bacterial pellets were then split and resuspended in either a-MEM or KM and incubated for an additional 24 hours to make BTM. (n = 7/AL/media) (b) MEM-BTM showed no significant differences between anatomical locations in bacterial density following incubation. (c) A representative image of colonies following incubation in MEM-BTM that retained a poly-microbial population. (d) KM-BTM also exhibited no significant differences in bacterial density between anatomical location and a diverse population following incubation in KM. (e) A representative image of colonies following incubation in MEM-BTM that retained a poly-microbial population. Images of 1--10,000 dilutions are shown.

(TIF)

###### 

Click here for additional data file.

###### % of identified species.

Each of the 518 identified species in relative abundance from each anatomical location and the average is shown to the lowest identified classification.

(DOCX)

###### 

Click here for additional data file.

###### Species level differences by anatomic location.

Species-level analysis of differences comparing all swab sites. Only species with significant differences (2-way ANOVA with Tukey's Post-testing, n = 4/AL, p\<0.05) are shown.

(DOCX)

###### 

Click here for additional data file.

We would like to thank Dr. Robert Christy for primary cell lines, and the USAISR veterinary support branch for animal handling and care.

Disclaimers {#sec025}
===========

The opinions or assertions contained herein are the private views of the authors and are not to be construed as official or as reflecting the views of the Department of the Army or the Department of Defense.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: **Conceptualization:** MKM KSA DMB.**Data curation:** MKM DMB.**Formal analysis:** MKM TJP DMB.**Funding acquisition:** DMB.**Investigation:** MKM TJP DMB.**Methodology:** MKM TJP DMB.**Project administration:** DMB.**Resources:** MKM TJP DMB.**Supervision:** DMB.**Validation:** MKM DMB.**Visualization:** MKM TJP KSA DMB.**Writing -- original draft:** MKM.**Writing -- review & editing:** MKM TJP KSA DMB.
